
METALS

The effect of cooling rate on the microstructure

and mechanical properties of NiCoFeCrGa high-entropy

alloy
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ABSTRACT

The effect of cooling rate on the microstructure and mechanical properties of

equimolar NiCoFeCrGa high-entropy alloy (HEA) was studied by scanning

electron microscopy, energy-dispersive X-ray spectroscopy and electron

backscatter diffraction (EBSD), as well as by microhardness tests. Experimental

results show that the cooling rate has a crucial impact on the developing

microstructure which has a mixture of two—FCC and BCC—phases, leading to

a self-similarity of the solidified structure formed in the sample. Furthermore,

the cooling rate influences both the composition of the two phase-components

and the ratio of their volume fractions, determining the mechanical properties of

the sample. The present results confirm the grouping of Co, Fe and Cr in the

FCC phase and that of Ni and Ga in BCC phase in the NiCoFeCrGa high-

entropy alloy system. An empirical rule is suggested to predict how the phase-

components can be expected in this complex high-entropy alloy.

Introduction

High-entropy alloys (HEAs) are novel multicompo-

nent alloys containing at least 4–5 components in

equimolar or near-equimolar composition [1–5]. This

new type of alloy opened up a new area in materials

science due to its excellent mechanical [6, 7], mag-

netic [8–10] and oxidation [11] properties. The HEAs

can solidify either in single-phase solid solutions or

in multiphase structures having a mixture of simple

phases such as body-centered cubic (BCC), face-cen-

tered cubic (FCC) or hexagonal close-packed (HCP)

[12–14]. So far, it is established that the microstruc-

ture of a HEA is dominantly determined by the

valence electron concentration (VEC) of the given

composition [15]. For VEC values between 6.87 and 8,

a mixture of FCC and BCC phases is expected

[15, 16]. Below and above this interval, the formation
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of BCC and FCC single phases, respectively, takes

place. In the region of mixture, one can fine-tune the

system by composition in order to balance, for

instance, the ratios of FCC and BCC phases in the

duplex alloy to get a reasonable ductile–brittle trade-

off for the mechanical and plastic properties of the

materials [17, 18]. The good tunability of the HEAs

can also be expanded to their magnetic properties.

Recently, enhanced attentions were paid to the com-

position-tunable metastability of high-entropy alloys

[18].

Despite many well-known features of the

metastability of HEAs, some challenging tasks still

remain, such as the effect of different heat treatments,

the question of phase stabilities, the problem of large-

scale castings [19] or the confirmation of the indicat-

ing role of the VEC number. Furthermore, similarly

to bulk metallic glasses [20], the cooling rate might

have a critical role in the developing microstructure

and therefore in the properties of the high-entropy

alloys [21, 22]. A minor difference in the cooling rate

may lead to a significant change in the chemical

distribution and, thus, in the microstructure. In the

case of common castings, where the piece of sample

can cool down in atmospheric conditions and not

inside of a furnace, one will obtain a material which

is far from the stable state. Further homogenization

after casting must be applied in order to reach

ordered (stable) microstructure. Since HEAs have a

lot of degrees of freedom when it comes to prepara-

tion, simple guidelines are needed to predict the

properties of the finished sample [23–25]. These

predictions are either based on some simple param-

eters such as valence electron concentration (VEC)

[15, 16], enthalpy of mixing, melting point, etc., or

based on computationally more demanding methods

such as ab initio calculations or CALPHAD

[10, 26, 27].

The present study is a continuation of started

works [28–30] dealing with the microstructures and

mechanical properties of the NiCoFeCrGa high-en-

tropy alloys, which can be considered as a good

candidate for magnetocaloric applications [31]. The

addition of Ga to the NiCoFeCr system turns the

originally paramagnetic alloy into a macroscopically

ferromagnetic alloy by a new ferromagnetic BCC

phase [28–30]. The aim of this work is to study widely

the effect of cooling rate on the microstructure and

mechanical properties of an equal-molar Ni20Co20-

Fe20Cr20Ga20 high-entropy alloy.

Experimental procedures

High-purity elements (99.99% delivered by Johnson

Matthey company) were used to prepare the Ni20-

Co20Fe20Cr20Ga20 sample having a total mass of 20 g

(composition in at%). The ingot was melted at about

1800 �C in a water-cooled copper mold using induc-

tion melting. Ar gas with titanium getter was used to

prevent the sample from oxidation. The melting

process was repeated five times to achieve homo-

geneity of the sample. As the master alloy was ready,

it was placed and remelted in a centrifugal casting

equipment and spin-cast into a wedge-shaped copper

mold. This type of mold allows us to investigate the

effect of different cooling rates in a single specimen

due to the varying thickness along the sample. We

note here that in some earlier studies dealing with

cooling rate effects of NiCoFeCr-based HEA alloys

[21, 22] the different cooling rates were achieved by

changing the casting method.

Figure 1 shows the optical image of the investi-

gated NiCoFeCrGa HEA sample. According to the

empirical relation suggested by Pryds and Huang

[32], the cooling rate of different (d) thickness parts of

the wedge is reciprocally proportional to d2 so that

the cooling rate (* 105 K/s at the tip (point A) is

about three orders of magnitude higher than that

(* 102 K/s at the bottom (point D).

The surface of the sample was prepared by grind-

ing and consecutively finer steps of polishing, where

Struers OP-S colloidal silica was used as the final step

of the polishing.

To analyze the microstructure and the phases, a

Zeiss Ultra 55 FEG-SEM was used with an Oxford

PentaFETx3 EDS and an Oxford Instruments HKL

Nordlys F EBSD system. The acceleration voltage was

set to 15 kV with high-current mode; the working

Figure 1 Optical image of the

xy surface of the spin-cast

sample.
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distance was 20.2 mm for EBSD and 8.5 mm for EDS;

and the aperture was set to 120 lm.

Microindentation tests were carried out by a CSM

Micro Combi Tester (MCT) using a diamond Vickers

indenter. The maximum load of 100 g was applied at

the loading rate of 3.3 g/s. Indentations were carried

out along the centerline (as the x-direction) at every

200 lm. At each position, two indents were done for

a distance of 50 lm in the y-direction and the average

hardness of them was used as the value describing

the given x-position. Oliver–Pharr method [33] was

used for evaluating the indentation measurements.

Results and discussion

It was shown previously that the base NiCoFeCr

alloy contains only a single FCC phase microstruc-

ture with VEC value of 8.25 [16, 28]. With Ga addi-

tion, the average VEC value drops down to 7.2 and in

agreement with the VEC rule described before. The

NiCoFeCrGa contains both BCC and FCC phases,

which was confirmed by XRD and also by EBSD

measurements [28]. In the present work, the ratio of

these two phases and their effect on the mechanical

properties are discussed. All the measurements—

EBSD, EDS and microhardness—were taken along

the centerline of the sample (shown in Fig. 1)

between the tip (on the left in x-direction) and the

bottom (on the right) of the sample. The scale starts

from the tip (0 mm) and ends at the bottom (17 mm)

along the centerline going through the middle of the

sample.

The SEM images of Fig. 2 show the microstructures

of the different (marked by A, B, C and D) positions

of the investigated alloy. The images were taken by

using the backscattered electrons, making the con-

trast by the different atomic compositions of the

phases. In all positions (from x � 0 to x � 17 mm)

multiphase—dendritic—structure containing darker

(dendrite) and brighter (inter-dendrite) regions can

be observed. This multiphase structure is in agree-

ment with the mentioned VEC criteria predicted by

Sheng Guo et al. [15]. It can be seen that the size of the

local dendrite/inter-dendrite regions strongly

depends on the investigated position due to the dif-

ferent cooling rates along the wedge, but the phase

structure remains the same. In the previous studies

[21, 22] on the microstructures of other NiCoFeCr-

based alloys, it was shown that the cooling rate may

affect not only the phase fractions and morphologies,

but also the type of the microstructure.

The results of the EBSD investigations show that

the dendrite areas in the images mark the FCC phase

and the inter-dendrite ones present the BCC phase

regions. The compositions of the different phases

shown in the SEM images were analyzed by EDS

measurements and are given in Table 1. It can be seen

Figure 2 Backscattered

electron images of the areas in

positions A, B, C and

D measured by EDS. The

corresponding data are

summarized in Table 1. The

inset A* shows a magnified

area from the position A, and

inset D* shows an area with

lower magnification from the

position D.
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that at all positions, the FCC phase—the dendrites—

is more rich in Fe, Co and Cr and the BCC phase—the

inter-dendrite—contains more Ni and Ga. This result

is well established in our previous work [29]. Based

on the grouping of Co, Fe and Cr, as well as of Ni and

Ga, it was supposed that during the solidification, the

first step of the crystallization is the formation of the

FCC phase containing higher amount of Fe and Cr,

which elements have the highest melting points.

Then, the melting point of the remaining melt

decreases, leading to the formation of the BCC phase

from rather the lower-melting-point components.

It can be also observed that the composition of both

FCC (dendrite) and BCC (inter-dendrite) regions

changes along the sample due to the change in the

cooling rate. In Fig. 3, we present the concentration of

the elements in the dendritic and inter-dendritic

regions for low cooling rate (bottom of the sample)

and high cooling rate (tip of the sample). It is well

visible that the elements are separated into two

groups. In the inter-dendritic region (BCC phase), the

concentration of Ni and Ga is higher at the tip of the

sample compared to the other three elements, Fe, Cr

and Co, respectively. These observations suggest that

the cooling rate is important not only when it comes

to the development of the different crystal structures,

but it has a crucial impact on the composition of those

phases as well. In the rapid cooling parts, the nominal

20 at% concentration for all elements can be observed

within the error. This is a natural consequence of

quick cooling on diffusion-controlled processes. In

general, the diffusion in HEAs can be more compli-

cated for elements due to the severely distorted lat-

tice [22, 34]. It is also worth mentioning that the

cooling rate affects the size of the dendrites. The

spacing of the dendrite arms is larger for lower

cooling rates (* 102 K/s) and smaller for higher

cooling rates (* 105 K/s) which means that for a

given length, more and thinner dendrite arms will

develop at high cooling rates, as well as less and

thicker dendrite arms form at lower cooling rates.

This trend is clearly visible in Fig. 2, where small and

dense (* 1-lm spacing) dendrites can be observed in

the A inset, while large and sparse (* 5-lm spacing)

dendrites can be seen in the D inset.

Considering again the cooling rates of different

parts of the specimen, it should be noted that in spite

of different sizes of local dendrite/inter-dendrite

regions, the microstructures obtained at different

cooling rates seem to be self-similar. The insets A*

and D* in Fig. 2 show a higher and lower magnified

areas of the positions A and D, respectively. It can be

seen that when applying proper (different) magnifi-

cations, the microstructures observable at different

positions (e.g., at positions A and D)—for different

cooling rates—could not be distinguished. Our

experimental results show that a very fine distribu-

tion of the dendrite/inter-dendrite self-similar

structures should form very quickly at the beginning

of the casting process and then different parts of it

grow by the diffusion of the composing atoms as

facilitated by the decrease in the cooling rate at an

increasing thickness of the cast sample. The subse-

quent diffusion of the composing atoms also leads to

the change in the composition of the two (FCC and

BCC) phases, as shown in Table 1 and Fig. 3. Con-

sidering both the very high cooling rate (* 105 K/s)

at the tip of the sample and the mentioned self-sim-

ilarity of the solidified structure, the results suggest

that the separation of the phases may start in the

liquid state above the liquidus temperature of the

sample. Further investigation is needed to clarify this

Table 1 Concentrations of the elements along the sample, measured by EDS

SEM area Distance from tip (mm) Dendrite (FCC)/inter-dendrite

(BCC)

Concentration (at%) Cooling rate (K/s) VEC

Cr Fe Co Ni Ga

A. 0 I 19.33 19.21 19.77 20.13 21.56 * 105 7.14

D 19.38 19.98 20.4 19.68 20.57 7.18

B. 7 I 18.25 17.55 18.62 21.43 24.15 * 103 7.04

D 20.58 21.64 21.42 18.32 18.04 7.27

C. 13 I 17.97 17.32 18.27 21.7 24.75 * 103 7.02

D 20.28 21.25 21.13 18.68 18.67 7.25

D. 17 I 15.96 16.82 17.78 21.86 27.58 * 102 6.92

D 22.76 22.65 22.3 17.87 14.41 7.40
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question in the present high-entropy NiCoFeCrGa

alloy, where the mixing of the composing atoms may

be more complicated than in conventional alloys.

Figure 4 shows the elemental maps taken in the

vicinity of site D. The maps built from EDS mea-

surements reveal clearly the same contours in Cr, Co

and Fe, as well as the similar profiles of Ni and Ga

elements, confirming the grouping of Cr, Co and Fe

and that of Ni and Ga atoms in the NiCoFeCrGa HEA

system.

The grouping of Co, Fe and Cr, as well as of Ni and

Ga seems to be well established. According to A.

Figure 3 Concentration of the elements in the inter-dendritic (left panel) and dendritic (right panel) areas at the tip and the bottom of the

sample.

Figure 4 SEM and EDS images of the alloy around site D, showing visibly the grouping of Cr, Co and Fe and that of Ni and Ga atoms.
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Takeuchi and A. Inoue [35], the mixing enthalpy (DH)

of these components is the most negative between Ni

and Ga. This thermodynamic reason explains why

they can be found together. This factor certainly

contributes to the formation of the FCC phase con-

taining higher amount of Fe, Cr and Co and subse-

quently to the formation of the BCC phase with

higher amount of Ni and Ga.

As it was mentioned, in general, the parameter

VEC can be used in the design of HEAs to predict the

crystal structure of the alloy [15, 16]. Considering the

composition of FCC and BCC phases in the present

work, the average VEC of 7.2 calculated for the equal-

molar Ni20Co20Fe20Cr20Ga20 sample is changing in

different phases with different compositions. Fig-

ure 5 shows the VEC number of the phases formed at

the positions A, B, C and D (see Fig. 1) along the

centerline of the wedge-shaped sample. Our experi-

mental results suggest an empirical rule to see how

the (FCC and BCC) subphases can be expected in the

NiCoFeCrGa system. Namely, the average VEC value

of 7.2 seems to be a reasonable dividing line in

between the FCC and BCC phases of the decomposed

components. In the region of mixture (for VEC

number between 6.87 and 8), the substructure will be

BCC for VEC value below 7.2 and FCC for VEC value

above 7.2.

In order to estimate the collective effect of the

phases on the mechanical properties of the sample,

microhardness measurements were taken along the

centerline, and the results are shown in Fig. 6, where

the volume fractions of the phases are also repre-

sented. Together with the variation of the composi-

tion described above, the volume fractions of the FCC

and BCC phases are also monotonously decreasing

from 60 to 55% and increasing from 40 to 45%,

respectively, resulting in the increase of about 15% in

the ratio of BCC/FCC from the tip to the bottom of

the sample.

Applying the maximum load of 100 grams, the size

of the Vickers patterns is about between 25 and 30

microns, covering several dendrites and inter-den-

drites together. The results of hardness tests show

clearly that the hardness (HV) is increasing from the

tip to the bottom of the wedge, resulting in an

increment of about 25% in hardness. Although the

size of the components may also have an effect on the

global strength, it should be emphasized that hard-

ness change follows the trend of the ratio of BCC and

FCC phases. The mixture of the soft and ductile FCC

phase and the hard and brittle BCC component leads

to a composite-like microstructure, the hardness of

which is determined mainly by the volume fraction

of the components. The 15% increase in the volume

fraction of the BCC phase along the sample results

Figure 5 VEC of the

decomposed components

calculated from the

concentrations acquired by

EDS measurements. Solid line

shows the limits defined by

Guo et al. The dotted line is

the nominal VEC of the alloy.
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may certainly cause a 25% increment in hardness.

The obtained experimental results confirm the

strengthening effect of BCC phase in this type of HEA

[28–30].

Conclusions

The effect of cooling rate on microstructure and

mechanical properties of equimolar Ni20Co20Fe20-

Cr20Ga20 high-entropy alloy was studied. Investiga-

tions were made on a wedge-shaped sample, which

was prepared by centrifugal casting so that its dif-

ferent regions were cooled by different rates. The

main results can be summarized as follows:

1. A mixture microstructure having FCC-phase

dendrite and BCC-phase inter-dendrite is formed

very quickly during the solidification of the

sample. The size of the local dendrite/inter-

dendrite regions strongly depends on the cooling

rate, showing a self-similarity of the solidified

structure and suggesting that the separation of

the phases may start in the liquid state.

2. Experimental results show that the cooling rate

influences both the composition of the two phase-

components and the ratio of their volume frac-

tions. Furthermore, independently of the cooling

rate, the grouping of Co, Fe and Cr in FCC phase

and that of Ni and Ga in BCC phase is well

established in the NiCoFeCrGa HEA system.

3. There is an unambiguous correlation between the

hardness and the ratio of BCC/FCC phases. The

obtained experimental results confirm the

strengthening effect of BCC phase in this kind

of mixture structure of HEAs.

4. Our results suggest an empirical rule to see how

the (FCC and BCC) subphases can be expected in

the NiCoFeCrGa system. In the region of mixture

(for VEC number between 6.87 and 8), the

substructure will be BCC for VEC value below

7.2 and FCC for VEC value above 7.2.
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